Objective: Previous studies have reported that polyphenol-rich extracts from various sources can prevent obesity and associated gastro-hepatic and metabolic disorders in diet-induced obese (DIO) mice. However, whether such extracts can reverse obesity-linked metabolic alterations remains unknown. In the present study, we aimed to investigate the potential of a polyphenol-rich extract from cranberry (CE) to reverse obesity and associated metabolic disorders in DIO-mice. Methods: Mice were pre-fed either a Chow or a High Fat-High Sucrose (HFHS) diet for 13 weeks to induce obesity and then treated either with CE (200 mg/kg, Chow þ CE, HFHS þ CE) or vehicle (Chow, HFHS) for 8 additional weeks. Results: CE did not reverse weight gain or fat mass accretion in Chow-or HFHS-fed mice. However, HFHS þ CE fully reversed hepatic steatosis and this was linked to upregulation of genes involved in lipid catabolism (e.g., PPARa) and downregulation of several pro-inflammatory genes (eg, COX2, TNFa) in the liver. These findings were associated with improved glucose tolerance and normalization of insulin sensitivity in HFHS þ CE mice. The gut microbiota of HFHS þ CE mice was characterized by lower Firmicutes to Bacteroidetes ratio and a drastic expansion of Akkermansia muciniphila and, to a lesser extent, of Barnesiella spp, as compared to HFHS controls. Conclusions: Taken together, our findings demonstrate that CE, without impacting body weight or adiposity, can fully reverse HFHS diet-induced insulin resistance and hepatic steatosis while triggering A. muciniphila blooming in the gut microbiota, thus underscoring the gut-liver axis as a primary target of cranberry polyphenols.
INTRODUCTION
Obesity has reached pandemic proportions worldwide, significantly contributing to reduce life quality and lifespan at a global scale [1] . This condition is characterized by abnormal and excessive fat accumulation and is influenced by both genetic and environmental determinants. While several genetic loci have been associated with obesity, they explain only a fraction of the total variance within populations; moreover, genes deemed obesity-predisposing interact with environmental factors to regulate, for instance, satiety and energy expenditure [2] . Among the environmental determinants of obesity and its associated dysmetabolic conditions, dietary habits play a central role. Diet also strongly influences our "other genome" (i.e., the metagenome), modeling gut microbial community structure [3] and impacting host metabolism and energy partitioning [4] . Research conducted throughout the last decade has revealed a clear association between obesity and gut microbial dysbiosis, which is generally characterized by a reduction in bacterial richness and by major taxonomic and functional changes [5] . The consumption of fiberless diets rich in simple sugars and saturated fat (often referred to as Western diets) generates well-known detrimental metabolic consequences, leading to insulin resistance and glucose intolerance in the early-term, which later evolves to overt obesity, type 2 diabetes, and cardiovascular complications. NAFLD and NASH are highly prevalent diseases occurring in the setting of obesity and type 2 diabetes; they may eventually progress to hepatocellular carcinoma and contribute to dysregulate glucose and lipid homeostasis [6] . The gut exerts major influences on liver physiology as both organs are anatomically and functionally connected by means of the portal circulation, but also since bacteria and bacteria-derived molecules can translocate from the gut to the liver and can potentially contribute to diet-induced insulin resistance and liver disease [7, 8] . Plant-rich diets are abundant in fruits and vegetables and strongly linked to lean and healthy phenotypes [9] , which prompts the search for bioactive phytonutrients to treat or prevent obesity and its related dysmetabolic conditions. The use of polyphenol-rich fruit extracts or isolated polyphenols as strategies to alleviate obesity-linked diseases have been demonstrated in humans [10, 11] and in animal models [12, 13] , but the mechanisms of action are not yet fully elucidated. Several dietary polyphenols are generally poorly bioavailable and build up in the colon, where they are modified by gut microbial enzymes and, in turn, reshape gut microbial communities [14] . We have previously demonstrated that a polyphenol-rich cranberry extract prevents diet-induced obesity in high fat high sucrose-fed mice, and these findings were linked to improved gut-liver homeostasis and expansion of Akkermansia muciniphila population in the gut microbiota [12] . Similar effects were reported by others using a polyphenolrich extract of concord grape [15] and apple proanthocyanidins [16] , but no studies have yet tested whether polyphenols can reverse an already established obesity and more severe metabolic alterations, including hepatic steatosis and inflammation. In the present study, we investigated the potential of a polyphenol-rich cranberry extract to reverse an already established obesity, insulin resistance, and NAFLD, and whether such effects may be linked to the reshaping of the gut microbiota and blooming of A. muciniphila, a well-known target of food polyphenols.
MATERIAL AND METHODS

Animals
All animal experiments reported in this manuscript comply with the Animal Research: Reporting of In Vivo experiments (ARRIVE) guidelines. Eight week-old C57Bl/6J male mice (Jackson, USA) were housed 2e3 animals per cage, kept on Sani-chips bedding and in controlled environment (12 h daylight cycle, lights off at 18:00) with food and water ad libitum in the animal facility of the Québec Heart and Lung Institute (Québec, Canada). After two weeks of acclimatization, mice were pre-fed either a healthy Chow (Teklad 2018, Harlan) or a High-Fat/High-Sucrose (HFHS) diet for 21 weeks. Diet composition was previously published [12] and, although the abbreviation HFHS particularly refers to the enriched presence of saturated fat and simple sugars, it is important to stress that the lack of soluble fibers is a major obesogenic component of this diet [17] . During the last 8 weeks of the study (i.e. from the beginning of week 13 to the beginning of week 21), control groups (Chow, n ¼ 8 and HFHS, n ¼ 8) were orally administered the animal facility's drinking water whereas the treated groups (Chow þ CE, n ¼ 11 and HFHS þ CE, n ¼ 10) received a cranberry extract (CE, 200 mg/kg, Nutra Canada, Québec, Canada). The polyphenolic profile of CE was published elsewhere [12, 18] . Body weight gain and food intake were assessed twice weekly. At week 21, animals were anesthetized in chambers saturated with isoflurane and then sacrificed by cardiac puncture. Organs and tissues were carefully collected and blood was drawn in tubes containing 2 IU of heparin and immediately centrifuged in order to separate plasma from cells. All interventions were carried out during the animals' light cycle. All procedures strictly followed the National Institutes of Health (NIH)'s Guide for the Care and Use of Laboratory Animals and were previously approved by the Laval University Animal Ethics Committee.
Glucose homeostasis
At week 17, mice were fasted for 6 h and insulin tolerance tests (ITT) were performed after intraperitoneal injections of insulin (0.75 UI/kg body weight). Glycemia was measured with an Accu-Check glucometer (Bayer) before (0 min) and after (10, 20, 30, 60 , and 90 min) insulin injection. At the end of week 19, mice were fasted overnight (12 h) and oral glucose tolerance tests were carried out (OGTT, 1 g of glucose/kg body weight). Blood was collected before (0 min) and after (15, 30, 60, 90 , and 120 min) glucose challenge for glycemia determination. Blood samples (w30 mL) were collected at each time point during OGTT and insulinemia was determined using an ultra-sensitive ELISA kit (Alpco, USA). The homeostasis model assessment of insulin resistance (HOMA-IR) index was calculated based on the following formula: fasting insulinemia (mUI/mL) x fasting glycemia (mM)/22.5.
Oil red O staining
During necropsies, mouse livers were embedded in Tissue-TekÒ OCT, immediately snap-frozen in liquid nitrogen, and stored at À80 C. Staining of neutral lipids was based on the methods described by Mehlem et al. with some adaptations [19] . Briefly, 12 mm liver sections were allowed to equilibrate at room temperature for 5 min and then post-fixed with a Formalin (10%)/Calcium (2%) solution for 15 min. The sections were then incubated with oil red O (ORO) working solution at room temperature for 5 min, followed by a 5-minute clearing in 60% isopropyl alcohol and a counterstaining of 15 s with Mayer's hematoxylin.
Q-PCR and antioxidant enzymes
Gene mRNA expression analysis by q-PCR and quantification of antioxidant enzymes were carried out as previously described [12] . Primer sequences used were: (5 0 / 3 0 ) PPARa F-CGACCTGAAA-GATTCGGAAA, R-GGCCTTGACCTTGTTCATGT; PPARg F-CAGGCCT-CATGAAGAACCTT, R-GCATCCTTCACAAGCATGAA; SREBP1c F-GACCCTACGAAGTGCACACA, R-TCATGCCCTCCATAGACACA; SREBP2 F-CGACCAGCTTTCAAGTCCTG, R-CCTGTACCGTCTGCACCTG; LXRa F-GGAGTGTCGACTTCGCAAAT, R-CTTGCCGCTTCAGTTTCTTC; LXRb F-AAACGATCTTTCTCCGACCA, R-ATGGCTAGCTCGGTGAAGTG; COX2 F-GCTGTACAAGCAGTGGCAAA, R-CCCCAAAGATAGCATCTGGA; TNFa F-GAACTGGCAGAAGAGGCACT, R-AGGGTCTGGGCCATAGAACT; NFkB F-AGCTTCACTCGGAGACTGGA, R-ACGATTTTCAGGTTGGATGC; IkB F-TGGCCAGTGTAGCAGTCTTG, R-GACACGTGTGGCCATTGTAG.
Cecal mucin determination
Cecal contents were collected at week 21, snap-frozen in liquid nitrogen and stored at À80 C. Cecal feces were freeze-powdered and the presence of mucins was determined using a fluorometric assay kit (Cosmo Bio, Japan) that discriminates O-linked glycoproteins (mucins) from N-linked glycoproteins.
Fecal samples
Fecal samples were freshly collected at baseline (week 13) and week 21 and immediately stored at À80 C. Bacterial genomic DNA was extracted from approximately 50 mg of fecal material collected from each cage. Samples were resuspended in lysis buffer containing 20 mg/ml lysozyme and incubated for 30 min at 37 C. Further lysis was performed by adding 10% SDS and proteinase K to 350 mg/ml followed by incubation for 30 min at 60 C. Samples were homogenized using a bead beater and 0.1 mm zirconium beads and then processed using a DNA extraction kit (DNeasy, Qiagen). DNA yield was assessed using a NanoDrop ND-1000 spectrophotometer (Thermo Scientific). Extracted DNA was stored at À20 C until use. Each DNA sample was subsequently used for 16S amplification of the V3-V4 region using the primers 341F (5 0 -CCTACGGGNGGCWGCAG-3 0 ) and 805R (5 0 -GACTACHVGGGTATCTAATCC-3 0 ) adapted to incorporate the transposon-based Illumina Nextera adapters (Illumina, USA) and a sample barcode sequence allowing multiplexed paired-end sequencing. Constructed 16S metagenomic libraries were purified using 35 mL of magnetic beads (AxyPrep Mag PCR Clean up kit; Axygen Biosciences, USA) per 50 mL PCR reaction. Library quality control was performed with a Bioanalyzer 2100 using DNA 7500 chips (Agilent Technologies, USA). An equimolar pool was obtained and checked for quality prior to further processing. The pool was quantified using picogreen (Life Technologies, USA) and loaded on a MiSeq platform using 2 Â 300 bp paired-end sequencing (Illumina, USA). Highthroughput sequencing was performed at the IBIS (Institut de Biologie Intégrative et des Systèmes -Université Laval). All raw sequences were deposited in the public European Nucleotide Archive server under accession number PRJEB23031.
2.7. 16S rRNA gene-based gut microbial analysis Generated and demultiplexed sequences were analyzed using the QIIME software package (version 1.9.1). Paired-end sequences were merged with at least a 50-bp overlap using fastq-join. Resulting sequences containing ambiguous or low quality reads (Phred score 25) were removed from the dataset. Forward and reverse primers were trimmed from the filtered sequences; reads with at least one reverse primer mismatch or where the reverse primer was not found were discarded. Chimera checking and filtering was performed using UCHIME (4) . OTU (Operational Taxonomic Units)-picking from postfiltering reads was performed using USEARCH 61 version 6.1.544 [20] with an open-reference methodology, which consisted of clustering sequences de novo at 97% identity threshold if they did not hit the reference sequence collection. Representative OTU sequences were assigned taxonomy against the Greengenes reference database (August 2013 release) [21] using the RDP-classifier [22] . Singleton OTUs and OTUs with a number of sequences <0.005% of total number of sequences were discarded at this step [23] . Unclassified OTUs at the genus level against Greengenes were further investigated with the RDP classifier against the RDP database (version September 30, 2016) [24] using a minimum bootstrap cutoff of 50% [25] .
Statistical analysis
Two-way ANOVA with a Student-Newman-Keuls was used to assign significance to the comparisons between groups (Sigmaplot, USA). The significance of the differences between time points was calculated using two-way repeated measures ANOVA with a Student-NewmanKeuls post hoc test (Sigmaplot, USA). Data are expressed as mean AE SEM. All results were considered statistically significant at P < 0.05.
In order to illustrate b-diversity of metagenomic samples, weighted UniFrac distance matrix was calculated at the genus level based on taxa having at least 1% of total relative abundance. PCoA (Principal Coordinates Analysis) was performed on the resulting distance matrix using the 'phyloseq' R package (version 1.16.2). The statistical significance of differentially abundant and biologically relevant taxonomical biomarkers between two distinct biological conditions was measured using a linear discriminant analysis (LDA) effect size (LEfSe) [26] . Only taxa meeting an LDA significant threshold of 2.5 were considered. A P-value < 0.05 was considered to indicate statistical significance for the factorial KruskaleWallis rank-sum test.
RESULTS
CE administration throughout 8 weeks did not reverse body weight gain in both Chow-and HFHS-fed mice ( Figure 1A ). Accordingly, we found similar energy intake and fat mass accumulation when comparing Chow versus Chow þ CE and HFHS versus HFHS þ CE ( Figure 1B,C) . Interestingly, the livers of CE-treated HFHS-fed mice tended to be lighter than those of untreated HFHS-fed mice (Figure 2A) and, during necropsies, we noted that the livers of untreated HFHS-fed mice were pale and clearly steatotic whereas those of HFHS þ CE mice displayed a reddish healthy aspect ( Figure 2C, top panel) . Quantification of liver triglycerides and ORO staining revealed massive triglyceride accumulation in the livers of HFHS mice, which was fully reversed in HFHS þ CE mice (Figure 2BeD ). CE administration did not reduce triglyceride levels in the liver of healthy Chow-fed mice ( Figure 2BeD ) and fasting plasma triglycerides were not affected by diet or treatment ( Figure 2E ). Liver MDA levels were reduced in HFHS þ CE mice when compared with vehicle-treated HFHS mice ( Figure 2F ), suggesting lower lipid peroxidation. Conversely, levels of superoxide dismutase (SOD, SOD2), glutathione peroxidase (GPx), and catalase, all important constituents of the cell's anti-oxidant defenses, were not affected by diet, treatment, or the interaction of both ( Figure 2F ). Interestingly, CE administration reversed the HFHS-induced mRNA overexpression of cyclooxygenase-2 (COX2), tumor necrosis factor-a (TNFa), nuclear factor k-light-chainenhancer of activated B cells (NFkB) and NFkB inhibitor (IkB), suggesting a broad resolution of diet-induced hepatic inflammation in HFHS-fed CE-treated mice ( Figure 2G ). Consistent with improved hepatic steatosis we found higher mRNA levels of peroxisome proliferatoractivated receptor a (PPARa) and lower levels of both sterol regulatory element-binding protein 1 and 2 (SREBP1/2) transcripts in the livers of HFHS þ CE mice versus HFHS mice ( Figure 2H ). Unexpectedly, the mRNA expression of PPARg and liver X receptor a and b (LXRa/b), all nuclear factors linked to lipid anabolism, was upregulated in HFHS þ CE in comparison with vehicle-treated HFHS-fed mice ( Figure 2H ). We then sought to investigate whether glucose homeostasis and insulin sensitivity were affected by CE administration in diet-induced obese mice. We found lower glycemia 10 and 15 min after insulin injection ( Figure 3A ) and lower area under the ipITT curves ( Figure 3B ) in CE-treated versus vehicle-treated HFHS-fed mice. Despite lower glycemia 5 min after insulin injection in Chow þ CE as compared with Chow mice (Figure 3A) , the overall insulin response was not different between these two groups as suggested by similar area under the ipITT curves ( Figure 3B ). We found lower glucose excursions 30, 90, and 120 min after oral glucose challenge ( Figure 3C ) and reduced area under the OGTT curves ( Figure 3D ) in HFHS þ CE versus HFHS mice. Importantly, determination of insulinemia during OGTT revealed that improved glucose tolerance in HFHS þ CE mice was achieved despite lower basal and 15 min insulin levels post-glucose challenge ( Figure 3E ), which are in agreement with markedly improved insulin sensitivity in these animals. Glucose tolerance and insulinemia during OGTT were not different between CE-treated and vehicle treated mice on the Chow diet (Figure 3CeE ). Fecal DNA was extracted and 16S rRNA-based microbial profiling was performed in order to investigate whether the phenotypic traits of Chow, Chow þ CE, HFHS, and HFHS þ CE were associated with changes in gut microbial community structure. b-diversity was generally assessed by means of principal component analysis (PCoA) Figure 4A ). Treatment also importantly influenced the gut microbiota (PCo2, 21,3%) and separated vehicle-and CE-treated microbial communities of both Chow-and HFHS-fed mice ( Figure 4A ). b-diversity changes between HFHS and HFHS þ CE were accompanied by a drop in the Firmicutes to Bacteroidetes ratio in HFHS þ CE mice versus vehicle-treated HFHS-fed mice ( Figure 4B ). LEfSe analysis disclosed that obesity-driven dysbiosis was mostly explained by a reduction in the populations of Barnesiella, Bifidobacterium, Turicibacter, Anaerostipes, and Clostridium and an expansion of Peptostreptococcaceae, Clostridiales, Oscillospira, Oscillibacter, Clostridiaceae, and Anaerotruncus ( Figure 4C ). Administration of CE to Chow-fed mice was associated with an increase of Clostridiales, Lachnospiraceae and A. muciniphila ( Figure 4D and Supplemental Figure 1 ), whereas in HFHS-fed mice CE-treatment was related to expansion of A. muciniphila, Coprobacillus, and Barnesiella ( Figure 4E and Supplemental Figure 1 ). Because the presence of A. muciniphila in the gut microbiota has been linked to improved intestinal barrier and mucus layer integrity [27, 28] , we assessed fecal mucin as a readout of mucus layer thickness. We found a reduction in fecal mucin in HFHS-fed mice as compared to Chow-fed mice, which tended to be reversed in HFHS þ CE (P ¼ 0.06, HFHS vs HFHS þ CE; two-way ANOVA with Student-Newman-Keuls post hoc test) ( Figure 5 ). Regression analysis revealed that the abundance of A. muciniphila in the gut microbiota explains 91% of the increase in fecal mucin and 82% of the decrease in triglyceride deposition in the liver HFHS þ CE mice (Suppl. Figure 2 ).
DISCUSSION
We and others have previously shown that concomitant and sustained treatment of diet-induced obese mice with polyphenol-rich extracts protected against obesity and also resulted in reduced hepatic steatosis, alleviated intestinal inflammation and a drastic expansion of A. muciniphila in the gut microbiota [12, 15] . In these studies, however, it was not possible to determine to what extent the preventive effects of such extracts were secondary to lower body weight gain and reduced fat mass accretion. In the present study, we now document that CE can protect against two major metabolic complications of obesity, insulin resistance, and NAFLD, independently from changes in body weight or adiposity. The marked reduction of fat deposition in the livers of CE-treated mice was accompanied by reduced hepatic inflammation, as suggested by downregulation of COX2, TNFa, NFkB and IkB mRNA expression. Conversely, enzymatic components of the cellular antioxidant machinery (i.e. SOD1, SOD2, GPx, catalase) were unaltered in the livers of HFHS þ CE mice, and similar results were found in db/db mice supplemented with a cranberry powder [29] . Importantly, lower hepatic levels of MDA indicated that lipid peroxidation is decreased in HFHS þ CE mice. This is possibly explained by the lower availability of triglycerides in the livers of HFHS-fed CE-treated mice. In addition, CE may counter ROS-induced lipid peroxidation in the liver by alleviating inflammation and thereby toning down ROS formation. Since CE did not alter the cells' antioxidant defense in the liver, it is also plausible that CE polyphenols directly neutralize ROS, which would further contribute to reduce lipid peroxidation. Mice were pre-fed a standard Chow diet or a high fat/high sucrose diet throughout 13 weeks and treated either with a cranberry extract (CE) or the vehicle for 8 additional weeks. (A) Weight gain and final body weight; (B) energy intake; (C) weight of visceral and subcutaneous fat pads. Two-way repeated measures RM-ANOVA with a Student-Newman-Keuls post hoc test was used to assign significance to the differences between time points within different groups. Two-way ANOVA with a Student-Newman-Keuls post hoc test was applied to calculate the significance of the differences between groups. Data are expressed as the mean AE SEM; n ¼ 8e11; *P < 0.05, **P < 0.01 and ***P < 0.001. Consistent with augmented lipid catabolism in the liver, we found higher mRNA levels of PPARa and lower amount of mRNA transcripts of SREBP1 and SREBP2 in HFHS þ CE mice when compared with untreated HFHS-fed mice. However, in apparent contradiction with lower hepatic steatosis, CE treatment was associated with higher mRNA expression of PPARg and upregulation of LXRa and LXRb mRNA in HFHS-fed mice. PPARa is a key nuclear receptor to steatogenesis, being highly expressed in the liver and the principal activator of PPARresponsive elements (PPREs) in this organ [30e32]. It is therefore conceivable that PPARa-related activation of b-oxidation genes likely overcomes PPARg-driven stimulation of lipogenesis in the liver of HFHS-fed CE treated mice. Moreover, PPARg and LXR are both highly expressed in Kupffer cells (liver resident macrophages), where their activation is linked to anti-inflammatory effects [33, 34] . Thus macrophage PPARg and LXRa/b transcripts may account for the increased expression of these nuclear receptors in the livers of HFHS þ CE mice and contribute to alleviate hepatic inflammation. Interestingly, since activation of hepatic PPARg and LXR are both linked to reduced hepatic glucose output [30, 35, 36] , our results also point to a role of these two nuclear receptors in the CE-related benefits to glucose homeostasis. Taken together, our findings suggest that CE alleviates steatogenesis by targeting PPARa, but also by upregulating PPARg and LXRa/b. This mRNA expression profile is consistent with enhanced hepatic immunemetabolic status and increased lipid catabolism in the liver. It is noteworthy that the massive lipid deposition observed in the livers of HFHS-fed mice did not result in dyslipidemia in our model, as suggested by similar levels of fasting plasma triglycerides found among groups. While this is presumably linked to the fact that, as opposed to humans, mice have a low LDL/high HDL cholesterol profile, which might favor hepatic lipid storage and limit dyslipidemia in diet-induced obese mice [37] , this observation indicates that the marked effect of CE on hepatic triglyceride accretion is not a consequence of increased lipid mobilization to the plasma, which is in accordance with enhanced lipid oxidation being the main mechanism of reduced liver fat accumulation in HFHS þ CE mice. Because gut microbial factors are increasingly recognized as key drivers of hepatic metabolism [7, 8, 38] and because CE has been previously linked to major gut microbial changes [12] , we sought to investigate intestinal bacterial profiles in CE-and vehicle-treated mice. Similarly to our previous report using a preventive approach [12] , we found that CE administration to already obese mice triggered a remarkable bloom of A. muciniphila in the gut microbiota of HFHS-fed mice. This effect of CE treatment was also observed, albeit to a lesser extent, in Chow-fed mice. A. muciniphila is a Gram-negative mucin degrading bacterium strongly correlated with healthy and lean phenotypes [5, 39] , and its administration as a probiotic was shown to reverse diet-induced obesity in mice [27, 40] . Previous studies have demonstrated a particular association between higher A. muciniphila and better glycemic control, which was independent of reduced visceral fat mass deposition [41, 42] . These findings suggest that the interaction between A. muciniphila and host metabolism is contextspecific, being likely dependent on factors such as gut community structure, the severity of the dysmetabolic condition and the host's genetic background. Indeed, Shin et al. showed that the metformin-like (E) Blood was collected during OGTT and used to assess insulinemia after glucose challenge. (A, C, E) Two-way repeated measures ANOVA with a Student-Newman-Keuls post hoc test was used to assign significance to the differences between time points within groups. *P < 0.05, **P < 0.01 and ***P < 0.001 for Chow vs HFHS; # P < 0.05, ## P < 0.01; ### P < 0.001 for HFHS vs HFHS þ CE; & P < 0.05 for Chow vs Chow þ CE. (B, D, F) Two-way ANOVA with a Student-Newman-Keuls post hoc test was applied to calculate the significance of the differences between groups; n ¼ 8e11; *P < 0.05, **P < 0.01 and ***P < 0.001. Data are expressed as the mean AE SEM. Figure 4 : CE administration alters the taxonomic profile of Chow-and HFHS-fed mice. Genomic DNA was extracted from feces collected at week 21 and subsequent 16S rRNA-based gut microbial profiling was performed. Feces from mice housed in the same cage were pooled and considered as one biological sample (Chow n ¼ 3; Chow þ CE n ¼ 4; HFHS n ¼ 3 and HFHS þ CE n ¼ 4). (A) b-diversity among groups was initially observed by means of principal component analysis (PCoA) on weighted unifrac distances, and the (B) Firmicutes to Bacteroidetes ratio was calculated as a general index of obesity-driven dysbiosis. Linear discriminant analysis (LDA) effect size (LEfSe) was calculated in order to explore the taxa that more strongly discriminate between the gut microbiota of (C) Chow vs. HFHS, (D) Chow vs Chow þ CE and (E) HFHS vs HFHS þ CE. (B) Two-way ANOVA with a Student-Newman-Keuls post hoc test was applied to calculate the significance of the differences between groups. *P < 0.05, **P < 0.01 and ***P < 0.001. effects of A. muciniphila on glucose tolerance were only achieved with doses higher than 4 Â 10 7 CFU in diet-induced obese mice [28] . Our results revealed that, upon a 21-week long HFHS regimen, the CErelated increase in A. muciniphila population was not linked to lower fat accumulation, but it was associated with improved glucose metabolism and alleviated hepatic steatosis. Despite the fact that LEfSe analysis did not classify A. muciniphila as a key-phylotype of Chow þ CE mice, we found a small yet significant increase in this taxon in Chow-fed CE-treated mice versus vehicletreated Chow-fed mice by applying a distinct statistical approach. Because Chow-fed mice are metabolically healthy, this finding was not associated with major changes in glucose homeostasis or weight gain. However, this result is of great relevance as it suggests that CE may still favor an expansion of A. muciniphila in healthy individuals, which might be protective in the long-term. Moreover, Lachnospiraceae and Clostridiales were both ranked as important discriminative taxa between Chow þ CE and vehicle-treated Chow-fed mice. This may be related to the capacity of certain species within the family Lachnospiraceae and the order Clostridiales to resist to the antimicrobial effect of CE and/or utilize CE-polyphenols as substrates. More studies are warranted to further explore the gut microbial-related protective role of CE polyphenols in healthy mice. Cranberry polyphenols have been shown to improve mucus layer and villi morphology in mice receiving elemental enteral nutrition [43] . Moreover, dietary polyphenols increased the amount of mucin in the feces of high fat-fed mice [44] . We therefore hypothesized that CE may create a favorable environment for A. muciniphila to thrive by boosting mucus secretion [12, 45] . In accordance with this hypothesis, we found a strong trend (P ¼ 0.06) towards higher mucin concentration in the cecum of CE-treated HFHS-fed mice and that A. muciniphila is a strong predictor of fecal mucin and liver triglyceride accumulation. Consistently, enhanced mucus layer thickness was previously observed in DIO-mice treated with live A. muciniphila [27] . Our data suggest that the benefits of CE to gut barrier and hepatic homeostasis are tightly linked to expansion of A. muciniphila in the gut microbiota. Polyphenols possess antimicrobial activity [46] and, because Gramnegative bacteria are generally more resistant to this effect [47] , A. muciniphila may find a competitive advantage in the gut environment of CE-treated mice. Similar mechanism might favor the presence of Barnesiella spp in the gut microbiota of HFHS þ CE mice. While little is known about the relevance of Barnesiella spp to the host, our data stress its beneficial impact on host metabolism as they classified this taxon as the main discriminative feature of Chow-fed mice when compared with HFHS-fed mice. Moreover, it has been suggested that Barnesiella spp. confer resistance to intestinal growth and bloodstream infection with vancomycin-resistant Enterococcus [48] , which supports a beneficial interaction between host and Barnesiella. Coprobacillus was ranked a key-feature of HFHS þ CE mice; however, its abundance is much lower than 1% and its relevance to host metabolism might be minor in this study. Lower Firmicutes to Bacteroidetes ratio is often considered as a key feature of the "obese gut microbiota" [49, 50] . In our model, however, we found lower Firmicutes to Bacteroidetes ratio in association with improved glucose and insulin tolerance in HFHS þ CE mice, traits that were unrelated with changes in body weight and fat mass accumulation. While suggesting that CE-driven gut microbial remodeling is primarily linked to hepatic homeostasis and the regulation of glucose metabolism/insulin sensitivity, our findings also indicate that lower Firmicutes to Bacteroidetes ratio seems to influence host glucose homeostasis prior to affect host fat mass accretion. Indeed, lower Firmicutes to Bacteroidetes ratio has been particularly associated with better glycemic control in humans [41] , and reconstitution of germ-free mice with the fecal slurry of mice fed on a high-fat diet for 10 weeks rendered them glucose intolerant but not obese [51] . Future studies are warranted to determine whether CE administration for a longer period of time, therefore more chronically exposing the host to lower Firmicutes to Bacteroidetes ratio and higher A. muciniphila, would affect host fat mass storage. The dose of CE used in this study (200 mg of extract/kg, 75 mg of polyphenols/kg) is equivalent to the consumption of approximately 120 g of fresh cranberries/day by a 60 kg individual [18] . The translation of this dose to humans, however, is probably not straightforward. Considering the US Food and Drug Administration's guidelines to calculate the human equivalent dose based on body surface area [52] we found that a 16 mg of extract/kg (6 mg of polyphenols/kg) dose would be the human equivalent of a 200 mg/kg dose in mice. Based on this, we estimated that obtaining 360 mg of polyphenols/60 kg from a cranberry juice cocktail (a very popular form of consuming cranberries) would require the daily consumption of 206.8 mL of this product (considering a cocktail containing 54% of cranberry juice and 1.74 mg of polyphenols/mL [53] ). It is, however, important to stress that while the polyphenolic composition of cranberry juices or cranberry juice cocktails may be different from that of the extract, these preparations often contain added sugars and/or artificial sweeteners [53] , which may contribute to metabolic disease. We believe that other sources of cranberry polyphenols, such as capsuled cranberry extract or unsweetened dried cranberries, are likely better options in order to target metabolic diseases. As a prospect, changes in the bile acid profile may be investigated as a mechanism behind the metabolic benefits of CE. Bile acids can regulate their own synthesis and ileal re-uptake via binding to the nuclear receptor farnesoid-X-receptor (FXR). Furthermore, the role of bile acids goes beyond aiding lipid digestion and extends to regulation of glucose/lipid homeostasis and energy metabolism [54] . Cecal contents were collected at week 21, snap-frozen in liquid nitrogen and stored at À80 C. Cecal feces were freeze-powdered and the presence of mucins was determined using a fluorometric assay kit that discriminates O-linked glycoproteins (mucins) from N-linked glycoproteins. Two-way ANOVA with a Student-Newman-Keuls post hoc test was applied to calculate the significance of the differences between groups. *P < 0.05, **P < 0.01 and ***P < 0.001.
Interestingly, while changes in bile acid profile have been associated with NASH in clinical studies [55] , pre-clinical analyses using mouse models of obesity have revealed that FXR agonism is protective against liver steatosis and insulin resistance [56, 57] . Since dietary polyphenols have been shown to bind to bile acids and alter their re-uptake (and possibly their ability to signal through FXR) [58, 59] , it is possible that CE treatment changes the bile acid profile, which may in turn contribute to improve liver steatosis and insulin resistance. Bile acids are modified by the gut microbiota, yielding secondary bile acids. Since CE importantly affects gut microbial populations, it may also affect the microbial capacity to transform bile acids, which would further contribute to modify the bile acid profile and potentially modulate metabolic status. It is noteworthy that the ability of A. muciniphila and Barnesiella, the two best representative taxa of HFHS þ CE, to modify or resist to bile acids is currently unknown.
CONCLUSIONS
Our findings shed light on novel mechanisms by which CE improves metabolic health. Using a reversal experimental design allowed us to demonstrate that CE polyphenols strongly target the liver, where it modulates key hepatic nuclear factors and genes involved in the modulation of steatogenesis and inflammation, thus markedly improving liver homeostasis. This was associated with improvements in glucose tolerance and full restoration of insulin sensitivity despite the maintenance of obesity in these animals. Our data also put forward A. muciniphila and Barnesiella spp. as potential microbial contributors to the effect of CE and that the abundance of these bacteria in the gut microbiota is not phenotypically linked to changes in obesity. Finally, while supporting the regular consumption of cranberries to help counteracting obesity-related diseases, our data provide the fundamental bases for future human trials with CE or CE-related products as a strategy against diet-induced NAFLD/NASH and metabolic syndrome. 
